Introduction ries of biochemical studies comparing progenitor cells derived from normal or Ph ϩ chronic-phase marrows. Chronic myelogenous leukemia (CML) is a form of leukemia with distinct clinical and pathological features Populations of progenitors from total marrow aspirates were isolated by a combination of density separation (reviewed by Clarkson and Strife, 1993) . A well-characterized chromosomal translocation within a single, primand negative selection with a panel of monoclonal antibodies . Then, lysates of primitive itive myeloid stem cell results in the creation of a minute chromosome 22 known as the Philadelphia chromoblasts derived from either normal or Ph ϩ chronic-phase marrow in which the only detectable cytogenetic abnorsome (Ph ϩ ). Following the translocation, there ensues a period of several years during which the progeny of mality was the presence of the Philadelphia chromosome were analyzed by immunoblotting, using anti-phosphothe affected cell gradually populate the entire intermediate and late hematopoietic maturational compartments.
tyrosine antibodies to identify possible differences in the state of tyrosine phosphorylation among proteins The Ph ϩ progeny are able to differentiate and mature along the various myeloid lineages. In addition, they in the two populations. A 62 kDa protein (p62) was found to be constitutively tyrosine-phosphorylated in the latter retain the capacity to function similarly to their normal, unaffected counterparts. Invariably, over an average population, in all patients studied (Wisniewski et al., 1994) . We have purified p62, cloned the cDNA, and bespan of three to five years, the disease progresses into a malignant stage known as "blast crisis." The affected gun to characterize its function. cells acquire additional chromosomal abnormalities and lose their ability to differentiate and mature, resulting in Results (Avanzi et al., 1988) . We examined whether or not the p62 protein was similar to the molecule heretofore known as phosphorylation-state isoforms ( Figure 1B , top panel). Because p62 previously had been shown to bind to the the GAP-associated p62 by immunoprecipitating GAP from cytoplasmic lysates of Mo7 cells and cells express-SH2-SH3-SH2 region of GAP (Marengere and Pawson, 1992) , we conducted in vitro binding experiments, utilizing p210
Identification
bcr-abl and analyzing the precipitated complexes by anti-phosphotyrosine immunoblotting ( Figure 1A ) (Eling GST fused in-frame to the GAP SH2-SH3-SH2 region. These experiments yielded a two-dimensional patlis et al., 1990). Anti-GAP immunoprecipitates from Mo7/ p210 lysates, but not from Mo7 lysates, contained tyrotern of phosphorylated proteins migrating at 62 kDa identical to that obtained from GAP immunoprecipitasine-phosphorylated p62 that migrated as a doublet ( Figure 1A, lanes 3 and 4) . The GAP-associated doublet tions ( Figure 1B , middle and bottom panels). A combination of conventional and immunoaffinity chromatograwas also observed in anti-phosphotyrosine immunoprecipitates from lysates of Mo7/p210 cells, but not from phy was used to purify p62 dok . Lysates of Mo7/p210 cells were passed sequentially over two ion-exchange Mo7 cells ( Figure 1A , lanes 5 and 6). However, we were unable to detect a similar protein in complexes precipicolumns, following which an anti-pTyr antibody column was used to capture remaining tyrosine-phosphorylated tated by rabbit polyclonal antibodies against the molecule previously reported as the GAP-associated p62
proteins. As a final step in the purification, proteins eluted from the antibody column were separated by 2D ( Figure 1A , lanes 7 and 8) (Wong et al., 1992; Lock et al., 1996) . The same polyclonal antibodies were unable gel electrophoresis ( Figure 1C ). to immunoblot a specific polypeptide in anti-GAP immunoprecipitates, nor could they precipitate a phosphoryp62 dok Has Features of a Signaling Molecule Coomassie blue-stained p62 dok was excised from a gel lated 62 kDa polypeptide from lysates of 32 P-labeled Mo7/p210 cells (data not shown). These immunological and digested with protease to yield peptide fragments, five of which were sequenced (see Figure 2A ). Degenerdiscrepancies encouraged us to purify the p62 protein, henceforth called p62 dok (p62 protein downstream of tyate oligonucleotide primers were designed based on the amino acid sequence of two peptides and used in rosine kinases).
To purify p62 dok , an assay for the identity of the protein RT-PCR to amplify a fragment of p62 dok cDNA. After three rounds of nested PCR, a 900 bp product was was developed. We precipitated GAP from cytoplasmic lysates of 32 P-labeled cells expressing p210
bcr-abl and anobtained, which we used subsequently to screen a human teratocarcinoma cDNA library (Skowronski et al., alyzed the immune complexes by 2D (two-dimensional) Recently, the substrate specifities of a variety of tyrosine kinases were proposed (Songyang et al., 1995) . The optimal peptide substrate of the c-Abl kinase was found to be I/V/LYAAP/F. Although none of the tyrosines of p62 dok have adjacent residues exactly matching this con- molecules have been proposed (Songyang et al., 1994) .
addition, the locations of the PXXP motifs are indicated by (P).
One of the p62 dok tyrosines (residue 449) is in a context that is consistent with the proposed SH2 recognition motifs. This most C-terminal tyrosine is located within 1988). A screen of 750,000 individual phage clones the sequence SALYSQVQ, suggesting that this site, if yielded five positives. The amino acid sequence enphosphorylated, might associate with the SH2 domain coded by the longest insert representing Dok cDNA is of Csk, the C-terminal Src kinase. Evidence for the direct illustrated in Figure 2A . The cDNA encoded a novel prointeraction between the SH2 domain of Csk and the tein of 481 amino acids with a predicted molecular mass GAP-associated p62 has been presented (Neet and of 53 kDa. Northern blot analysis indicated a Dok mesHunter, 1995). It is possible that, in addition to GAP, sage of approximately 1.9-2.0 kb (see Figure 3) . In vitrotyrosine-phosphorylated p62 dok forms a complex with translated p62 dok migrated at 61 kDa by SDS-PAGE, Csk and other yet unknown SH2 domain-containing sigsimilar to p62 dok immunoprecipitated from Mo7 cells by naling proteins. anti-p62 dok antibodies (data not shown). A profile search To demonstrate that the clone we isolated encoded a utilizing the Prosite profile database detected a putative GAP-associated p62, rabbit polyclonal antibodies were pleckstrin homology (PH) domain (Musacchio et al., raised against a synthetic peptide derived from the se-1993) at the extreme N terminus of p62 dok (see Figure 2B ). quence of p62
dok
. Figure 4 illustrates that the antibodies Aside from this, we were unable to find any significant immunoprecipitated a tyrosine-phosphorylated 62 kDa homology between p62 dok and other known proteins. doublet from Mo7/p210 lysates ( Figure 4A , lane 1). The p62 dok has 15 tyrosines, 10 of which are located within antigenic peptide specifically blocked the ability of the a C-terminal stretch one-third of the length of the moleantibody to precipitate this doublet ( Figure 4A , lane 2), cule. Kyte-Doolittle hydrophobicity analysis indicates while an unrelated peptide had no effect ( Figure 4A , lane that this region of p62 dok is more hydrophilic than other 3). Furthermore, anti-p62 dok antibodies detected a 62 portions of the molecule. Additionally, p62
dok is relatively kDa doublet in immunoblots of proteins that coimmunoproline-rich, with ten PXXP motifs (see Figure 2B ). The precipitated with antibodies directed against GAP (Fig-PXXP motif has been demonstrated to be the most conure 4B, lane 1), and the antigenic peptide specifically served motif within known SH3 domain ligands (Yu et blocked the ability of the antibody to detect this doublet, al., 1994), suggesting that p62 dok might form signaling while an unrelated peptide had no effect ( Figure 4B , complexes with other molecules that contain SH3 domains.
lanes 2 and 3). Taken together, these data demonstrated
We then investigated whether p62 dok was involved in a signal transduction pathway initiated by a receptor tyrosine kinase. Previous studies had implicated a 62 kDa protein as a downstream target of c-Kit receptor kinase activity in human primary-lineage negative-normal hematopoietic progenitor cells (Wisniewski et al., 1996) . The c-Kit receptor is a type II receptor tyrosine kinase that is structurally related to the PDGF receptor (van der Geer et al., 1993) . Its ligand, c-Kit ligand, has pleitropic effects on the development of diverse cell types (Galli et al., 1994) . Among other influences, it promotes hematopoietic progenitor cell survival and acts synergistically with GM-CSF, G-CSF, IL-3, and Epo to enhance in vitro colony formation by early progenitors of various lineages (McNiece et al., 1991) . Figure 5C illustrates that p62 dok was rapidly tyrosine-phosphorylated after stimulation of Mo7 cells with c-Kit ligand. This result indicates that tyrosine phosphorylation of p62 dok is a rapid biochemical event occuring shortly after a receptor tyrosine kinase is activated.
Thereupon, we investigated whether or not p62 dok was cells (Wisniewski et al., 1994) . Figure 5D illustrates that 
p62
dok was the constitutively tyrosine-phosphorylated protein migrating at 62 kDa in CML progenitor cells (Figure 5D, lower panel, lane 7) . We conclude that p62 dok is that the antibodies recognized a constitutively tyrosinethe 62 kDa GAP-associating protein previously reported phosphorylated, GAP-associated p62 from Mo7/p210 to be constitutively tyrosine-phosphorylated in the hecells.
matopoietic progenitor-cell population of CML patients.
Analysis of p62 dok
At present, the only biochemical difference between Discussion Mo7 p62 dok and Mo7/p210 p62 dok that we have detected is the presence of phosphotyrosine residues in the latter Given the important signaling role that tyrosine kinases population ( Figure 5A ). Both populations contained play in hematopoietic growth control, it is not surprising phosphoserine, although whether identical serine resithat the sudden appearance of a novel tyrosine kinase dues are phosphorylated is unknown. Moreover, a comactivity (e.g., p210
bcr-abl ) within a single, primitive progenibined immunoprecipitation/immunoblot assay indicated tor cell would perturb the intracellular signaling casthat Mo7 p62 dok migrated by SDS-PAGE as a singlet of 61 cades that ensure orderly hematopoiesis (Bolen et al., kDa ( Figure 5B, lane 11), whereas it shifted completely to 1992). The two fused portions of p210 bcr-abl are each detwo slower migrating forms of 62 and 64 kDa in Mo7/ rived from molecules that themselves contain some of p210 cells ( Figure 5B, lane 12) . This quantitative shift the modular features common to signaling proteins (Cosuggests that the entire population of p62 dok within the hen et al., 1995). In addition, Bcr-Abl is a large molecule cell is altered by the presence of p210 bcr-abl . Both forms that is extensively tyrosine-phosphorylated, providing of p62 dok in p210
bcr-abl -containing cells were tyrosinenumerous potential docking sites for SH2 domainphosphorylated, and both forms could be detected in containing proteins. Thus, this activity could interact anti-GAP immunoprecipitates ( Figure 5B, lanes 2 and 8) with various components of preexisting signaling netand in anti-pTyr immunoprecipitates ( Figure 5B , lanes works within a primitive stem cell (see Pawson, 1995) . 4 and 10). However, preliminary data indicates that only Current evidence suggests that p62 dok is a substrate of a small proportion of total tyrosine-phosphorylated the constitutive tyrosine kinase activity of p210 bcr-abl and p62 dok complexes with GAP ( Figure 5B , compare lane 8 that its abnormal modification within Ph ϩ primitive hewith lane 12). The faster-migrating, nontyrosine-phosmatopoietic progenitors plays a role in the complex phorylated form of p62 dok in Mo7 cells was not found associated with GAP ( Figure 5B, lanes 1 and 7) .
physiological disorder manifested in the chronic phase 
panel). (D) p62
dok is constitutively tyrosine-phosphorylated in primary human chronic-phase CML progenitor cells. Lysates of primitive blasts were subjected to immunoprecipitation with the indicated antibody. Anti-cdc2 antibodies and normal serum served as negative controls. Western blot was performed with antipTyr antibodies (upper panel), following which the blot was stripped and reprobed with antibodies to GAP (lower panel). Oneeighth of the original cell lysate or one-eighth of the supernatant from each immunoprecipitation was also analyzed. of CML. Constitutive tyrosine phosphorylation of p62 domain of the polypeptide. The majority of tyrosines within p62 dok are located in the C-terminal half of the is detected in all primary chronic-phase CML primitive blasts observed to date (Wisniewski et al., 1996) . molecule, and we speculate that they are available as targets for the activity of neighboring tyrosine kinases As a potential signaling molecule, p62 dok has several noteworthy features. It contains a putative PH domain at (e.g., p210 bcr-abl itself). It is possible that these tyrosines, when phosphorylated, serve as docking sites for proits extreme amino terminus, comprising residues 3-119 (Musacchio et al., 1993) . A variety of proteins involved teins that contain SH2 domains. In addition to the C-terminal tyrosines, p62 dok contains ten PXXP motifs. in signaling and/or cytoskeletal organization contain PH domains, among them GAP. A proposed function of the Because PXXP is the core conserved sequence of proline-rich regions that are recognized by SH3 domains, PH domain is to mediate protein-protein interactions (Pawson, 1996) . Additionally, it is thought that these it is possible that p62 dok can interact with signaling molecules containing SH3 domains (Yu et al., 1994) . conserved structural domains mediate interactions with cellular membranes, possibly by binding to different inop62 dok binds in vitro to the N terminus of GAP, suggesting that tyrosine-phosphorylated p62 dok interacts in sitol phosphate components of the lipid bilayer. For example, the PH domain of PLC␦1 binds specifically and vivo with the SH2 domains of GAP. Originally, GAP was identified based on its abililty to increase the intrinsic with high affinity to PtdIns2 (Lemmon et al., 1996) . Thus, the function of the N-terminal region of p62 dok might be GTPase activity of ras (Trahey and McCormick, 1987) . Its catalytic domain is located in the C-terminal half of to serve as a modular binding domain, either localizing the molecule to the cell surface or directing its interacthe molecule. In recent years, evidence has accumulated that the N terminus of GAP plays a functional role tion with a variety of proteins. If the function of the PH domain of p62 dok is to bind other proteins or components in intracellular signaling, separate and distinct from the C terminus (see Valius et al., 1995) . For example, overexof the membrane, then the C-terminal portion of the molecule would likely be positioned to interact with a pression of the N-terminal region of GAP in Rat-2 cells resulted in disruption of the actin cytoskeleton and focal variety of proteins and/or small molecules within the cytosol. Therefore, it might contain a critical functional contacts, as well as decreased fibronectin binding and maintained in RPMI (GIBCO) ϩ 10% Fetal Clone III (Hyclone) at 37ЊC cell adhesion (McGlade et al., 1993) . Therefore, it is posand 5% CO2. The Mo7 growth media contained 10 ng/ml recombisible that constitutive p62 dok association with GAP might nant GM-CSF (kindly provided by Genetics Institute, Boston, MA).
deregulate a signaling network involving the N terminus
For immunoprecipitations, cells were washed twice in PBS conof GAP. Currently, it is unclear whether the association taining 1 mM Na 3 VO 4 and 100 M phenylarsine oxide (PAO) and of p62 dok with GAP is due solely to a direct interaction lysed. Lysis buffer (LB) was 50 mM Tris-HCl (pH 7.6), 150 mM NaCl, between a phosphotyrosine of the former and the SH2 5 mM EDTA, 1 mM EGTA, 1% Triton X-100, 0.5 g/ml leupeptin, 50 g/ml soybean trypsin inhibitor, 0.1 g/ml aprotinin, 100 g/ml region(s) of the latter. In view of the PXXP motifs of PMSF, 1 mM Na3VO4, and 100 M PAO. Prior to precipitations, cell p62 dok , it is possible that the SH3 domain of GAP stabilysates were clarified by centrifugation at 14,000 rpm at 4ЊC. Lysates lizes the association of the two molecules.
were has been reported (Ellis et al., 1990 (Wisniewski et al., 1996) . In this report, we demonstrate described above. Phosphoamino acid analysis of p62 dok was condirectly that p62 dok is rapidly tyrosine-phosphorylated ducted as described (van der Geer et al., 1993) , as was 2D gel electrophoresis (Garrels, 1983) . it is provocative that some of the biological effects of phase were isolated and processed for immunoprecipitation exactly both p210 bcr-abl and c-Kit ligand appear to be similar, and as described (Wisniewski et al., 1996) .
these effects are manifested in a relatively mature stemcell population at the time of lineage commitment rather
Purification of p62 dok
Fifty liters of Mo7/p210 cells were grown to a density of 2 ϫ 10 gel electrophoresis. The peptide sequence of p62 dok was obtained as including v-src, v-abl, and v-fps (Ellis et al., 1990 ; Lugo described (Wang et al., 1996 (Wang et al., ). et al., 1990 . The widespread correlation between constitutive tyrosine phosphorylation of p62 dok and the trans- Groffen, J., Morris, C., and Heisterkamp, N. (1991) . The Philadelphia methodologies (Sambrook et al., 1989 (1996) . PH factor and incubated for 16 hr at 37ЊC in IMDM (GIBCO) containing domains: diverse sequences with a common fold recruit signaling 1% fetal calf serum (GIBCO). Cells were then pelleted by centrifugamolecules to the cell surface. Cell 85, 621-624. tion, resuspended in IMDM ϩ 1% serum, and exposed to c-Kit Lock, P., Fumagalli, S., Polakis, P., McCormick, F., and Courtneidge, ligand (100 ng/ml) for 5 minutes at 37ЊC. Cells were then washed S.A. (1996) . The human p62 cDNA encodes Sam68 and not the once with PBS and processed for immunoprecipation and Western rasGAP-associated p62 protein. Cell 84, [23] [24] . blot analysis exactly as described (Wisniewski et al., 1996) . Human Lugo, T.G., Pendergast, A.M., Muller, A.J., and Witte, O.N. (1990) . recombinant c-Kit ligand was from Immunex Corp., Seattle.
Tyrosine kinase activity and transformation potency of bcr-abl oncogene products. Science 247, 1079-1082.
